Abstract Human SH-SY5Y neuroblastoma cells are widely utilized in in vitro studies to dissect out pathogenetic mechanisms of neurodegenerative disorders. These cells are considered as neuronal precursors and differentiate into more mature neuronal phenotypes under selected growth conditions. In this study, in order to decipher the pathways and cellular processes underlying neuroblastoma cell differentiation in vitro, we performed systematic transcriptomic (RNA-seq) and bioinformatic analysis of SH-SY5Y cells differentiated according to a two-step paradigm: retinoic acid treatment followed by enriched neurobasal medium. Categorization of 1989 differentially expressed genes (DEGs) identified in differentiated cells functionally linked them to changes in cell morphology including remodelling of plasma membrane and cytoskeleton, and neuritogenesis. Seventy-three DEGs were assigned to axonal guidance signalling pathway, and the expression of selected gene products such as neurotrophin receptors, the functionally related SLITRK6, and semaphorins, was validated by immunoblotting. Along with these findings, the differentiated cells exhibited an ability to elongate longer axonal process as assessed by the neuronal cytoskeletal markers biochemical characterization and morphometric evaluation. Recognition of molecular events occurring in differentiated SH-SY5Y cells is critical to accurately interpret the cellular responses to specific stimuli in studies on disease pathogenesis.
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SLIT and NTRK-like family SYN1 Synapsin I Introduction SH-SY5Y is a well-established cell line which was subcloned from the SK-N-SH clone, originally obtained by a bone marrow biopsy of a 4-year-old female patient affected by neuroblastoma (Biedler et al. 1978) . Neuroblastoma cells are morphologically heterogeneous and at least three different phenotypes can be recognized in vitro: small, round-shaped neuroblastic cells with short neurites (N-type), substrate-adherent cells (S-type) characterized by a flat morphology, and I-type cells, which display an intermediated phenotype between N-and S-type (Walton et al. 2004) . Each subgroup could be further identified by the differential expression of cytoskeletal markers, such as nestin, b-III tubulin, neurofilaments, vimentin and GFAP (Ross and Spengler 2007) . SH-SY5Y cell line is mainly characterized by an N-phenotype, although adherent cells are also observed (Bell et al. 2013; Ross et al. 1983 ). SH-SY5Y cells are considered to be neuronal precursors and several growth conditions were reported to switch these cells to more mature ''neuronal-like'' phenotype (for a comprehensive review see Kovalevich and Langford 2013) . All trans retinoic acid (RA), a vitamin A metabolite involved in growth and development, is known to induce neuronal differentiation of SH-SY5Y cells as well as to inhibit the cellular proliferation (Borriello et al. 2006; Cheung et al. 2009; Constantinescu et al. 2007; Cuende et al. 2008; Nakamura et al. 2003; Pahlman et al. 1984) . A more mature neuronal phenotype can be reached using growth medium supplemented with specific chemical factors, such as recombinant human brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), dibutyryl-cyclic AMP (db-cAMP), phorbol esters and others (Agholme et al. 2010; Dwane et al. 2013; Encinas et al. 2000; Gimenez-Cassina et al. 2006; Jamsa et al. 2004; Kou et al. 2008; Kume et al. 2008; Sarkanen et al. 2007 ). Thereafter, SH-SY5Y cells have been largely utilized to investigate the disease mechanisms associated with various neurodegenerative disorders (Agholme et al. 2014; Ferreira et al. 2013; Hadzhieva et al. 2013; Jamsa et al. 2004; Ke et al. 2012; Krishna et al. 2014; Lim et al. 2015; Lopes et al. 2010 Lopes et al. , 2012 Palomo et al. 2011; Scifo et al. 2013 Scifo et al. , 2015 .
The molecular events, which underlie differentiation of SH-SY5Y have not been fully characterized. It is conceivable that variations occur in the expression of sets of genes, which exert their effects in different compartments of the cell according to sequentially orchestrated movements. Recently, the functional networks and biological functions involved in SH-SY5Y differentiation were analysed by gene expression techniques (microarray and quantitative real-time PCR) focusing on both genes and miRNA expression profiles of SH-SY5Y which were differentiated using RA alone or in combination with BDNF (Batagov et al. 2013; de Bittencourt Pasquali et al. 2016; Goldie et al. 2014; Korecka et al. 2013) .
The major aim of this study was to identify putative changes in expression of genes in differentiated SH-SY5Y cells, grown in RA and neurobasal medium enriched with neurotrophic factors (modified from Gimenez-Cassina et al. 2006 , and hereafter referred as RA-NBM treatment), and to evaluate their differentiation towards a neuronal phenotype. To reach our goal we scrutinized the molecular mechanisms underlying differentiation by whole transcriptome profiling (RNA-seq), a powerful technology which allows studying the expression of thousands of genes simultaneously (Wang et al. 2009 ). Identified, differentially expressed genes (DEGs) were subsequently examined using bioinformatic tools, to recognize biological functions and molecular pathways relevant for the differentiation process. Furthermore, we examined the differential expression of a subset of proteins encoded by DEGs and selected neuronal cytoskeletal markers using morphological and biochemical tools. Finally, the neuronal ''maturation state'' of differentiated, SH-SY5Y cells was assessed in morphometric analyses to evaluate the growth features of axonal processes and their branches.
Materials and Methods

Cell Cultures and Differentiation Media
Human neuroblastoma SH-SY5Y cells (catalogue number #94030304, purchased by European Collection of Cell Cultures) were cultured in DMEM-High glucose medium (DMEM/HIGH) supplemented with 15 % foetal bovine serum (FBS), 2 mM L-glutamine and 1 % non-essential amino acids (all purchased from Euroclone, Pero, Italy) at 37°C and 5 % CO 2 . For neuronal differentiation, we set up a 9-day-long paradigm (RA-NBM treatment) including a 6-day pre-differentiation step in DMEM/HIGH supplemented with 5 % FBS and 10 lM RA (Sigma-Aldrich, Milan, Italy) followed by a 3-day differentiation step in neurobasal medium (GIBCO, Life Technologies) enriched with 50 ng ml -1 recombinant human BDNF (rhBDNF, Peprotech, Rocky Hill, NJ, USA), 2 mM db-cAMP (Sigma-Aldrich), 20 mM KCl, B27 supplement and 1 % GlutaMAX (both purchased form GIBCO, Life Technologies, Monza, Italy). Control (not treated, NT) cells were grown under basal conditions at low FBS concentration (5 %) for comparison with RA-NBM treated cells. In another set of experiments, the cells were differentiated in RA for 6 days followed by 3 days of serum-free medium containing 50 ng ml -1 rhBDNF (RA-BDNF medium). This paradigm was used to assess the expression of neuronal cytoskeletal markers on Western blots, and to perform flow cytometry assays for cell death investigation. Cells (8 9 10 3 per cm 2 ) were seeded in T75 flasks or on coverslips previously coated with ECMax gel (SigmaAldrich), allowed to adhere for 24-48 h and exposed to basal or differentiation media. Media were routinely changed every 2-3 days and the morphological features of the cultures were checked by phase contrast microscopy. For quantitative evaluation, the cells grown under basal conditions were harvested after 6 days to avoid the overgrowth of the culture. Growth paradigms are summarized in Fig. S1 of Electronic Supplementary Material 1 (ESM1).
RNA-seq and Transcriptomic Analysis
Whole transcriptome analysis was performed by RNA-seq technology on untreated and RA-NBM differentiated cells. Cells were collected in three independent experiments and total RNA was isolated using TRI Reagent. RNA purity and quantity was checked using Nanodrop 1000 (Agilent Technologies, Santa Clara, CA, USA), while RNA integrity (RNA integrity number C8.0) was assessed using RNA 6000 Nano Kit (Agilent). Indexed cDNA libraries were prepared using TruSeq RNA Sample Prep Kit v2 (Illumina, San Diego, CA, USA) according to manufacturer's instructions. Adapter-ligated cDNA libraries with an insert size of 200-250 bp were size selected on 1.5 % agarose gel cassettes using Pippin Prep instrument (Sage Science, Beverly, MA, USA). Quality of libraries was checked using high-sensitivity DNA Kit (Agilent). Libraries were quantified by real-time PCR against a standard curve with KAPA Library Quantification Kit (KapaBiosystems, Wilmington, MA, USA). Libraries were then pooled at equimolar concentration and sequenced using Illumina HiSeq 1000 sequencer with TruSeq SBS Kit v3-HS and TruSeq PE Cluster kit v3-HS (Illumina), by applying standard manufacturer protocols. About 30 million pairedend (100 bp 9 2) reads were generated for each sample (6 Gbps). Quality of reads obtained from each sample was assessed using FastQC software (http://www.bioinfor matics.babraham.ac.uk/projects/fastqc/), and reads with more than 10 % of undetermined bases or more than 50 bases with a quality score \7 were discarded. Reads were then clipped from adapter sequences using Scythe software (https://github.com/vsbuffalo/scythe), and low-quality ends (Q score \20 on a 10-nt window) were trimmed with Sickle (https://github.com/vsbuffalo/sickle). Alignment of reads to reference human genome (hg19) was performed using TopHat 2 (http://tophat.cbcb.umd.edu/) and quality checked with RSeQC software (http://rseqc.sourceforge. net/). In order to facilitate a comparison of expression profiles, the normalized expression values expressed as fragments per kilobase per million mapped reads (FPKM) for each transcript were calculated. The differential expression of each gene was presented as a log 2 fold change (log 2 FC), by determining the ratio between averaged FPKM of RA-NBM differentiated cells and the averaged FPKM of untreated cells. Transcripts showing a |log 2 (FC)| C1 and a false discovery rate (FDR, q-value) B0.05 were assigned as differentially expressed.
Bioinformatic Analysis of Transcriptomic Data
Differentially expressed genes (hereafter called as DEGs, corresponding to identified transcripts) were evaluated by QIAGEN's Ingenuity Ò Pathway Analysis (IPA Ò , Spring release 2015, QIAGEN Redwood City, USA, www.qiagen. com/ingenuity), to recognize meaningful biological processes and molecular pathways. Specifically, we performed a downstream effects analysis, focusing mainly on the IPA categories of molecular and cellular functions and physiological system development and function; canonical pathways were analysed as well. For each biological annotation, IPA algorithm calculated a Benjamini-Hochberg multiple testing correction p value (B-H p value), which depicts robustness of correlation between a subset of DEGs in our dataset with a given biological function (or total number of assigned genes to a pathway). Moreover, the IPA algorithm allowed predicting the activation or the inhibition state of a given biological function by assigning the related ''z-score''. Only most meaningful functional annotations, showing the lowest p value were evaluated; in addition, only -scores C?2 (predicted activation) or B-2 (predicted inhibition) were considered. For canonical pathway analysis, the IPA algorithm calculates the percentage of overlap, which depicts a percentage of assigned DEGs in comparison to the total number of molecules constituting the pathway. Finally, several differentially expressed genes, which were assigned to the most significant biological functions and canonical pathways, were selected to be further investigated at the protein level by semi-quantitative Western blotting.
Quantitative Real-Time PCR (qRT-PCR)
The expression of Plexin A4 transcript (PLXNA4) was assessed by qRT-PCR in RNA samples isolated from untreated and RA-NBM differentiated cells in four independent experiments. In brief, 1.5 lg of RNA was treated with DNase I Amplification Grade (Invitrogen, Life Technologies) before the reverse transcription to avoid genomic DNA contamination. The reverse transcription was performed on 200 ng DNase-treated RNA by GeneAmp RNA PCR Core Kit (Applied Biosystem, Life Technologies). Subsequently, cDNAs were amplified in ABI 7300 Fast real-time PCR (Applied Biosystem) using iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories S.r.l, Segrate, Milan, Italy). Primers used in this study were purchased from Bio-rad Laboratories (PrimePCR TM SYBR Ò Green Assay PLXNA4, human, unique assay ID: qHsaCID0018081; PrimePCR TM Assay GAPDH, unique assay ID: qHsaCED0038674). For the absolute quantification, two independent standard curves were created using PrimePCR TM Template for SYBR Ò Green Assay, specific for each gene (Bio-Rad). Following interpolation of Ct values with the relative standard curve, the PLNXA4/GAPDH ratio was calculated and normalized to the expression values of undifferentiated cells. Data were reported as mean ± s.e.m. and the statistical analysis was performed using two-tailed Student's t test.
Western Blotting Analysis
The SH-SY5Y cells were collected at specific time points (also referred as DIV, days in vitro), rinsed twice with PBS and then homogenized in RIPA buffer containing inhibitors of proteases (Roche Diagnostics GmbH, Milan, Italy) at 4°C, for 1 h. Cell lysates were centrifuged at 16,000g for 15 min and the supernatants were collected and stored at -80°C. Protein content was determined using the Pierce BCA protein assay kit (Thermo Fisher Scientific, Monza, Italy). For Western blotting, 20 lg of protein lysates were resolved on SDS-PAGE under denaturing conditions and then transferred onto 0.22 lm PVDF membranes (BioRad). The membranes were incubated for 1 h in blocking solution (TBS/0.1 % Tween20 with 10 % non-fat dry milk). Incubation with primary antibodies (see Online Resource ESM 2) was performed overnight at 4°C, followed by incubation for 1 h at RT with species-specific HRP-conjugated antibodies (ECL Mouse and Rabbit IgG HRP linked f(ab')2 fragment, 1:10,000, Amersham, GE Healthcare Europe GmbH, Milan, Italy; Peroxidase AffiniPure Donkey Anti-Sheep IgG (H ? L), 1:10,000, Jackson ImmunoResearch, Suffolk, UK). Chemiluminescent detection was performed with Immobilon Western Chemiluminescent HRP Substrate (Merck Millipore S.p.a., Vimodrone, Milan, Italy) according to manufacturer's instructions. For quantitative evaluation, the cells were collected from at least four independent experiments and lysates were assessed in the same electrophoretic run. Data were assessed using ImageJ software (Schneider et al. 2012 ) and normalized to a loading control (either actin or GAPDH). Data were reported as mean ± s.e.m. The statistical analysis was performed using two-tailed Student's t test, considering as significant a p value B0.05 and as highly significant a p value B0.01.
Immunofluorescence Assay
The cells were fixed in 4 % paraformaldehyde (PFA) for 20 min at RT or in absolute methanol at -20°C for 10 min. Coverslips were rinsed twice in PBS and incubated in the blocking solution (10 % normal goat serum, NGS in PBS) for 1 h at RT. For PFA fixed cells, PBS/0.3 % Triton solution was used to permeabilize the membranes. Cells were exposed to primary antibodies in an incubation buffer (PBS with 1 % NGS) overnight at 4°C (Online Resource ESM 2). Anti-mouse and anti-rabbit secondary antibodies conjugated with AlexaFluor 488 or AlexaFluor 594 dyes (1:800; Molecular Probes, Life Technologies) were used for 1 h at RT. The nuclei were counterstained with 5 lg/ml DAPI (4 0 ,6-diamidino-2-phenylindole di-hydrochloride; Sigma-Aldrich). Labelled cells were analysed under Axiolab microscope (Carl Zeiss, Milan, Italy) equipped with HBO 50 mercury vapour short-arc lamp for incident lightfluorescence. Unlabelled cells were examined by brightfield microscopy. Images were acquired on AxioCamera using AxioVision 4.3 software (Carl Zeiss).
Morphometric Evaluation
Differentiated and undifferentiated SH-SY5Y cells were assessed in four independent experiments. Images were acquired at 109 magnitude and at least 1500 cells per cell line were evaluated. Both number and length of all neurofilament-immunolabelled structures were calculated. The elongation of neuronal processes was investigated by immunofluorescence using SMI-31R antibody (Covance, Rome, Italy), which specifically reacts with a phosphorylated epitope of a heavy chain of neurofilament (pNF-H) and, to a lesser extent, with the medium chain (pNF-M; Online Resource ESM 2). NeuronJ plugin for ImageJ software (Meijering 2010 ) was used to manually trace neurofilament-positive structures after twofold increase of the acquired pictures. Primary processes, sprouting from the cell body were traced along with the secondary processes (branching from a primary process) and, if present, with tertiary processes (branching from secondary structures). Moreover, only primary processes longer than 30 lm were considered. DAPI-positive nuclei were automatically quantified by CellProfiler 2.1.1 (Kamentsky et al. 2011 ) and used to normalize the number of processes on the cellular density. Data were collected from at least four independent experiments and reported as mean ± s.e.m. The results were evaluated statistically using two-tailed Student's t test, considering as significant a p value B0.05 and as highly significant a p value B0.01.
Data Availability
RNA-seq data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE77383 (https://www.ncbi.nlm.nih.gov/geo/query/acc. cgi?acc=GSE77383).
Results
Transcriptomic Profile of Differentiated SH-SY5Y
We compared the whole transcriptome expression profiles of RA-NBM differentiated cells versus those which were non-differentiated and identified 1989 DEGs, of which 1958 (namely, 1226 up-and 732 down-regulated) were further scrutinized ( Fig. 1a and Online Resource ESM 3). Using downstream effects analysis of IPA algorithm, we focused on two major categories of biological functions ( Fig. 1b and Online Resource ESM 4). Within the molecular and cellular functions category, the sub-categories related to changes in cell growth rate and morphology, as well as to rearrangements of cytoskeleton and plasma membrane processes were of major interest. We subsequently scrutinized two categories, cell morphology (B-H p value range = 1.55E-37 to 8.47E-08, 559 DEGs) and Cellular Assembly and Organization (B-H p value range = 1.86E-27 to 8.47E-08, 470 DEGs, Fig. 1b) . Confined annotations included remodelling processes of plasma membrane and cytoskeleton, such as formation of cellular protrusions (B-H p value = 2.98E-14, 196 DEGs, z-score = 3.408), outgrowth of plasma membrane projections, formation of plasma membrane projections and organization of cytoskeleton (all with statistically significant z-scores [?2; Fig. 1c and Online Resource ESM 5A). Other statistically meaningful associations were linked to early steps of neuronal differentiation, i.e., neuritogenesis (B-H p value = 1.56E-11, 132 DEGs, z-score = 2.602) and outgrowth of neurites. The z-scores [?2 calculated by IPA algorithm suggested that all these annotations (and related cellular functions) were likely increased in this experimental setting. These annotations were shared with nervous system development and function, which was one of the most enriched categories of physiological system development and function class (B-H p value 1.69E-23 to 1.24E-07, 464 DEGs). In this category we found other cellular functions strongly associated with neuronal biology, such as proliferation of neuronal cells (B-H p value = 1.11E-14, 141 DEGs, z-score = 2.587), outgrowth of neurons (z-score = 2.721) and quantity of neurons (z-score = 2.410), all predicted to be activated ( Fig. 1c and Online Resource ESM 5B). Other noteworthy annotations related to differentiation process, namely differentiation of cells (483 DEGs, z-score = 3.863) and differentiation of nervous system (109 DEGs, zscore = 3.380) were assigned to Cellular Development category (Online Resource ESM 6A). In the same category proliferation of tumour cells lines displayed a negative zscore (z-score = -2.242). Cell Death and Survival category (B-H p value = 1.24E-33 to 1.18E-07, 697 DEGs) encompassed many functions, which predicted to be either increased (linked to apoptotic processes, i.e., apoptosis of blood cells, z-score = 2.262) or decreased (cell death of neuroglia, z-score = -1.537; see Online Resource ESM 6D).
Axonal Guidance Signalling Pathway
We further queried the association of DEGs with canonical pathways and interestingly identified axonal guidance signalling as one of the most highly over-represented pathways (-log B-H p value = 4.4, 73 DEGs enclosed, 16.9 % overlap; Fig. 2a ). DEGs involved in this pathway encoded for extracellular growth factors, cell surface receptors or intra-cytoplasmic adapter proteins, which jointly converged to downstream functions related to cytoskeletal and axonal dynamics (most of these DEGs were up-regulated, see Online Resource ESM 7). Specifically, 8 and 3 genes encoded for different members of semaphorins (SEMA) family and related membrane receptors (NRP1, PLXNA2 and PLXND1), respectively. Together, these molecules influence and finely regulate remodelling processes of cellular cytoskeletal structures (actin filament reorganization) and axons (axon outgrowth, growth cone attraction/ repulsion and axon turning response; Fig. 2b) . Moreover, other up-regulated DEGs encoded for BDNF, NTF4 (neurotrophin-4) and their membrane receptor TrkB (also Fig. 1 Comparative analysis of RA-NBM differentiated and nondifferentiated cells. a Scatter plot representation of transcript expression levels (reported as log 2 (FPKM) of differentiated, RA-NBM, on y axis as compared to non-differentiated cells, NT on x axis). Coloured dots represent differentially expressed transcripts (thresholds: |log 2 FC| C1 and q-value B0.05), which were either upregulated (n = 1226, red dots) or down-regulated (n = 732, green dots). DEGs with log 2 FC values equal to ?INF (infinity) or -INF are not presented in the figure, but were analysed in functional bioinformatic queries. The differentially expressed transcripts, which were further investigated on the protein level, are indicated. b Survey of downstream effects linked to differentially expressed genes. Bars represent the range of -log(B-H p values), calculated by the Benjamini-Hochberg multiple testing correction procedure, for each IPA category assigned to molecular and cellular functions and physiological system development and function classes (upper axis). The number of genes enclosed in each category is reported. Similarly, as in the molecular and cellular function IPA class analysis, the most significant categories were related to changes in cellular morphology, proliferation and development. Nervous system development and function signified one of the most over-represented categories (464 genes enclosed) among the physiological system development and function group, suggestive for neuronal involvement. c Cellular assembly and organization and nervous system development and function categories were mined to link associated biological functions. Bars represent z-scores calculated by IPA algorithm (upper axis), only annotations showing a significant z-score C?2 (marked by green line) were considered. B-H p values (red dots, lower axis), calculated by the Benjamini-Hochberg multiple testing correction procedure indicate significance of associations between a subset of DEGs in our dataset and a specific biological function; a threshold of 1.3 (red line) represents a p value B0.05. The number of DEGs fitting into a specific biological function is presented; shared functions are shown in white. Most significantly enriched annotations were denoted as involvement in the re-arrangements of a cellular cytoskeleton, elongation of cellular processes and more specifically in the growth of neuronal structures. Other functions, namely outgrowth of neurons, proliferation of neuronal cells and quantity of neurons represented cues for neuronal commitment. For a complete list of annotations see Online Resources ESM 5 and ESM 6 (Color figure online) Fig. 2 Canonical pathway analysis. a Exemplification of most significantly enriched canonical pathways identified by the analysis of DEGs using IPA algorithm. The -log 10 (B-H p values) are presented as bars (upper axis), whereas triangles represent the percentage of overlap (defined as the percentage of a number of genes which meet the cut-off criteria over the total number of genes which constitute the pathway; lower axis). The number of differentially expressed genes assigned to different canonical pathways is shown. Axonal guidance signalling was significantly over-represented, with 73 DEGs assigned and an overlap equal to 16.9 % (see Online Resource ESM 7 for the complete list of DEGs belonging to this pathway). b A graphical representation of axonal guidance signalling pathway. DEGs constituting this pathway encompassed cell surface receptors, extracellular growth factors and intra-cytoplasmic adapter proteins. The downstream functions related to the integrated neurite and axonal outgrowth, attraction and repulsion as well actin and tubulin cytoskeletal rearrangements. Several members of semaphorin family were differentially expressed in RA-NBM cells and influenced cytoskeletal and axonal remodelling processes through membrane receptors of plexin family. Moreover, an increased expression of NGFR and TrkB (NTRK2) and related ligands (NTF4 and BDNF) impacted on axonal attraction/repulsion dynamics. Cellular compartments: C cytoplasm, ES extracellular space. Node borders: single borders delineate a network node with one member; double borders correspond to a node with several members (i.e., within TRK node, NTRK1, NTRK2 and NTRK3 are retained, of which NTRK2 was upregulated). c Depiction of significantly enriched functional categories encompassing axonal guidance signalling (log 2 FC C?2 and log 2 FC B-2; Canonical pathway). The categories of neuritogenesis, formation of cellular protrusions and reorganization of cytoskeleton were all statistically enriched within the network module. The DEGs, which were further analysed on the protein level are marked with asterisk. Physical interaction between NTF4 and NTRK2 (BioGRID ID 301190), NRP1 and SEMA3A (BioGRID ID 883184) and NRP1 and SEMA3F (BioGRID ID 317335) are visualized. The log 2 FC values are indicated. Another network linking neuritogenesis, formation of cellular protrusions and axonogenesis is reported in Fig. S2 in Online Resource ESM 1 Cell Mol Neurobiol (2017) 37:665-682 671 known as NTRK2, the neurotrophic tyrosine kinase receptor Type 2). Through their convergence in common downstream functions, these molecules influence the balance between attraction and repulsion of axons, as well as other essential mechanisms of axonal guidance (Fig. 2b) . Most of these DEGs were also shared within functional annotations identified by downstream effects analysis (Table 1 and Online Resource ESM 8). Accordingly, a small network module associated with axonal guidance signalling was identified with upregulated nodes linked mainly to semaphorins (SEMA3A, SEMA3D and SEMA3F and related receptor family member, NRP1) and neurotrophin signalling (NTRK2, NTF4). Further query of DEGs with |log 2 FC| [2 revealed the association to processes encompassing the neuronal differentiation, including neuritogenesis, formation of cellular protrusions and reorganization of cytoskeleton ( Fig. 2c and Fig. S2 in Online Resource ESM 1). Other identified molecules in this 
Expression of DEGs Products
In order to confirm observed changes at the mRNA level, we assessed the expression of proteins encoded by DEGs assigned to both neuritogenesis and axonal guidance signalling pathway by immunoblotting analysis (Online Resources ESM 7, 8 and 9). We selected four highly upregulated DEGs (log 2 FC [2, including NGFR, NTRK2, SEMA3A and SLITRK6) and one down-regulated DEG belonging to Plexin family (PLNXA4, log 2 FC \-2), known to be a co-receptor for SEMA3A (Fig. 3a) . In cell lysates, the expression of NTRK2/TrkB, NGFR and SLITRK6 was markedly increased in the differentiated SH-SY5Y ( Fig. 3b-d) . Moreover, WB analysis of SEMA3A revealed two immunoreactive bands running approximately at 80 and 65 kDa; the latter one corresponded to a secreted and active form of SEMA3A, and it was the only isoform increased in RA-NBM cells (Fig. 3e) . We did not find difference in PLNXA4 protein expression, although a significant downregulation upon differentiation was observed on mRNA level by qRT-PCR, confirming the results of RNA-seq analysis (Fig. 3f) .
Expression of Neuronal Markers
To further validate the biological functions highlighted by IPA analysis, we investigated morphological changes and expression of neuronal markers by bright-field and immunofluorescence microscopy and WB. Following 6 days of differentiation with RA, SH-SY5Y cells demonstrated decreased cellular density as compared to cells grown under basal conditions. Moreover, a subgroup of cells changed their morphology and acquired an elongated shape. These features did not change if the RA treatment was prolonged for another 3 days (data not shown). Conversely, cells exposed to the combined RA-NBM treatment exhibited remarkable changes in morphology, while many cells acquired a triangular neuronal shape and developed elongated processes with multiple branches although several flattened cells were visible (Fig. 4a) . Furthermore, the results of immunofluorescent staining with antibodies against intermediate filaments and neuronal markers were in accordance with morphological features, characteristic for the RA-NBM differentiated cells towards a neuronal-like phenotype. In particular, extended neurites and branches were immunolabelled by b-III tubulin, while several elongated projections expressed phosphorylated medium-chain neurofilament proteins (pNF-M) along and at the termination of these structures. MAP2 staining was mainly restricted to cell bodies and faint staining could be observed for some axons. Conversely, a meaningful reduction of cell size and signal intensity of these markers was detected following 6 days of RA treatment alone, with a prompt recovery following introduction of NBM medium for another 3 days. The immunofluorescent signal of nestin, an intermediate filament precursor expressed in neuronal cell precursor, was unchanged in all tested culture conditions (Fig. 4b-c) .
Immunoblotting analysis revealed increased signals for all cell markers in the presence of RA-NBM, which was statistically significant for pNF-M (p \ 0.01, Fig. 5a, c) . Different behaviours were observed for each marker according to specific growth conditions. For example, for the antibody recognizing the high molecular weight isoforms (MAP2A and MAP2B, of *200-250 kDa) and strongly the low molecular weight isoform (MAP2C, of *70 kDa), the signal intensity increased over time; however, the presence of RA in the medium reduced/altered the signal for all MAP2 isoforms (Fig. 5a ). Cellular expression of nestin was detected at any time of observation, and it was enhanced by the presence of RA in the medium and specifically in RA-NBM differentiated cells. No change in the expression of intermediate filament marker vimentin was detected in any cell culture conditions tested (Fig. 5a ).
Besides analysis of cytoskeletal proteins, we ascertained the expression of synapsin I, a marker of synaptic vesicles. In untreated cells, a sparse cytoplasmic pattern of staining was observed, whereas in RA-NBM differentiated cells the expression of synapsin I was localized along the axons in a spatial relationship with axonal varicosities, and at the flattened terminal portions (Fig. 6a-d) . Moderate, but meaningful increase of the 75-kDa band of synapsin I was detected following immunoblotting (p \ 0.05, Fig. 6e-f) .
Elongation of Axonal Processes
We used quantitative morphometric analysis to evaluate the length and numbers of pNF-H immunolabelled processes in RA-NBM differentiated cells (Fig. 7a) . No meaningful difference in the number of primary axonal processes between cell grown in basal medium and differentiated cells was observed, whereas the number of secondary processes was significantly increased in RA-NBM differentiated cells (3.3/100 nuclei versus 0.4/100 nuclei for undifferentiated cells, p \ 0.05; Fig. 7b) . Moreover, few tertiary processes could be identified in differentiated cells only. Although the number of primary structures was not significantly changed, RA-NBM differentiated cells exhibited longer primary Fig. 3 processes as compared to controls (mean length 87.35 versus 48.62 lm, p \ 0.01; Fig. 7c ). Interestingly, a shift in the length of such structures between the two cell populations was observed. In particular, a higher percentage of shorter processes (ranging 30-90 lm) was found in the untreated cells (p \ 0.05), whereas the longest processes ([90 lm) were most visible in RA-NBM treated cells (p \ 0.05; Fig. 7d ). Fig. 4 Morphological analysis of differentiated SH-SY5Y cells. a At 6-DIV stage, the cells exposed to RA showed an elongated morphology as compared to basal medium (NT). Cells subsequently treated in NBM for 3 days became more polarized, exhibited several neurites and branches and acquired a neuronal-like shape. Scale bar 20 lm. b The morphological changes were associated with a remarkable expression of neuronal cytoskeletal markers, such as b-III tubulin, MAP2 and phosphorylated medium-chain neurofilament (pNF-M, BF10 antibody). Intense MAP2 immunofluorescent staining was observed in NT cells at 9 DIV, and can be associated with high cell density. No significant difference in nestin expression between basal and NBM differentiated cultures was found. DIV days in vitro, scale bar 100 lm. c Process of an axonal sprouting from a cell body detected in RA-NBM differentiated culture is visualized. MAP2 staining is localized to the cell body and proximal portion of the axon, and a fainter signal is also detected and along the axon; intense axonal labelling of phosphorylated heavy-chain neurofilaments (pNF-H) is also observed at the termination zone (growth cone, arrow). Scale bar 20 lm Cell Mol Neurobiol (2017) 37:665-682 675
Discussion
It has been known for a long time that SH-SY5Y cells grown in RA-containing medium and/or other enriched media can switch from an undifferentiated state towards a more mature phenotype (Arcangeli et al. 1999; Encinas et al. 2000; Pahlman et al. 1984) . In fact these cells decrease their proliferative rate, reduce their tendency to undergo cell death, change their outer profile acquiring a neuronal-like shape, and eventually promote outgrowth of cytoplasmic processes to become an elongated axon (Constantinescu et al. 2007; Dwane et al. 2013 ; Encinas The analysis of RNA-seq data provided several clues to understand molecular mechanisms associated with the differentiation process. Categorization with IPA suggested that functional annotations related to the general remodelling of cellular shape (i.e., formation and outgrowth of plasma membrane projections, organization of the cytoskeleton and microtubule dynamics) are key events in differentiation. Formation of cellular protrusions (lamellipodia and filopodia) in neuronal cells is crucial for the development and guidance of nerve growth cones (Vitriol and Zheng 2012) . Accordingly, the functional annotations that we scrutinized in more detail related with the early steps of neurite extension, and we observed that 73 DEGs constituted the axonal guidance signalling pathway. This pathway is composed of molecules which are localized outside the cell (extracellular soluble factors), on the plasma membrane surface (receptors) or inside the cytoplasm (adapter signalling molecules and cytoskeletal proteins; Fig. 2 , Thiede-Stan and Schwab 2015). All these molecules coordinate the cellular mechanisms, which drive growth cones and cellular protrusions through the extracellular matrix and towards the cellular targets. In particular, during the pathfinding process this cohort of soluble factors and receptors jointly regulates elongation of axonal structures, adhesion to the extracellular matrix, cytoskeletal remodelling as well as the attraction/repulsion balance among growing axons (Bearce et al. 2015; Myers et al. 2011) . Among the DEGs assigned to this pathway and to the aforementioned functional annotations (Table 1 and Online Resource ESM 8) we identified several classes of genes which are known to play a pivotal role in specific neuronal functions, such as growth, differentiation and neurite outgrowth. We observed an up-regulation in transcript expression of two neurotrophins (BDNF and NTF4) and of two related receptors (NTRK2 and NGFR), as well as a direct relationship between gene and associated protein expression. Following immunoblotting analysis, we detected an increased amount of the proteins encoded by NGFR and NTRK2 genes. These findings were consistent with previous reports, which demonstrated that exposure to RA both increases the expression of NTRK2/TrkB in neuroblastoma cells and improves the responsiveness to the exogenous ligand (Kaplan et al. 1993; Middlemas et al. 1999; Shiohira et al. 2012) . Furthermore, we found a remarkably increased expression of SLITRK6 transcript and of the associated encoded protein. SLITRK6 belongs to the SLITRK gene family, which encodes transmembrane proteins prevalently expressed in neuronal tissues. These proteins show structural homology with Trk receptors and are involved in neurite outgrowth . Expression of SLITRK genes and related proteins has not been previously reported in neuroblastoma cells following differentiation. Interestingly, another member of this family, SLITRK3, was found differentially expressed in RA-NBM cells and linked to neuritogenesis annotation (Online Resource ESM10). Recently, SLITRK5 was shown to modulate BDNF-dependent biological responses by regulating TrkB receptor recycling (Song et al. 2015) . Whether the increased expression of SLITRK6/SLITRK6 observed in this experimental setting (Fig. 3d ) can be associated with the enhanced expression of BDNF and NTRK2/TrkB, and to a putative autocrine loop stimulated by rhBDNF in RA-NBM requires further investigations. Other noteworthy differentially expressed genes assigned to the axonal guidance signalling pathway were members of the semaphorin family and several genes encoding for BMP and WNT proteins (Online Resource ESM 7). Specifically, we identified transcriptional changes for many semaphorin (SEMA3A, 3D, 3F, 4G, 5A, 6A, 6C, and 6D) and related plasma membrane receptors (PLXNA2, PLXND1 and NRP1). Semaphorins exert their effects by finely regulating the balance between attraction and repulsion of growing axons in neuronal cells, as reported in both in vitro and in vivo models (Thiede-Stan and Schwab 2015; Zhou et al. 2008) . We ascertained the expression of SEMA3A protein by immunoblotting and detected an increased expression of the secreted 65-kDa isoform (Antipenko et al. 2003; Tran et al. 2007 ). SEMA3A was reported to inhibit axonal growth and stimulate dendritic formation as well as the axonal transport (Mann and Rougon 2007) , thus influencing the polarization of neuronal cells and the pathfinding process (Shelly et al. 2011) . SEMA3A exerts its effects upon binding with heteromeric complexes formed by a member of neuropilin receptor family (neuropilin-1/NRP1) and a member of type-A Plexin family (Plexin A4/PLXNA4) (Mlechkovich et al. 2014; Yaron et al. 2005) . Interestingly, different behaviour was observed for both SEM3A receptors, namely PLNXA4 transcript was down-regulated while NRP1 was up-regulated, although the expression of PLXNA4 protein was not significantly changed. The downregulation of PLXNA4 mRNA levels was confirmed in quantitative PCR experiments, further supporting the established notion that transcript and protein expression level are not always strictly related (Koussounadis et al. 2015; Vogel and Marcotte 2012) . The relative high number of DEGs encoding for semaphorins (n = 8) and their related receptors (n = 4) may account for the necessity of finely tuned mechanisms in order to accomplish the functions assigned to this class of molecules.
A key event in neuronal maturation is the ability to generate and elongate a primary axon and its branches. We have generated various lines of evidence that RA-NBM treated neuroblastoma cells turned into differentiated neurons. Immunolabelling of axons with microtubules (b-III tubulin) and neurofilamentous proteins (pNF-M and pNF-H), displayed a classical pattern observed in mature axonal processes. Furthermore, the morphometric analysis revealed that axonal elongations occur more frequently in RA-NBM treated cells as compared to controls. In fact, a larger number of cells exhibited longer axons with an increased number of secondary structures. Immunolabelling of a synaptic marker, synapsin I demonstrated both scattered signals alongside the axons and a putative vesicular pattern at the terminal ends. These findings indicate that the neuronal machinery of the differentiated cells has been ''instructed'' to deliver synaptic material to the end-terminal, and possibly to create synaptic contacts. Biochemical investigations on expression of cytoskeletal markers in RA-NBM treated cells further provided hints on how to delineate the process of SH-SY5Y differentiation. Together with the presence of cells expressing markers of mature neurons (b-III tubulin, pNF-M, and high molecular weight MAP2 isoforms, MAP2A and B) we found an increased expression of nestin, an early intermediate filaments marker detected in cells of multilineage progenitor cells (including neuronal progenitors; Wiese et al. 2004 ) as well as persistent, high expression of MAP2C, a low molecular weight isoform expressed during development in the axonal compartment only (Meichsner et al. 1993 ). In our view, these findings suggest that cell populations at different stages of differentiation (from stemlike, nestin-positive cells, to mature neuron-like elements with elongated, mature axons) are more represented in RA-NBM treated cultures than in controls.
Along with the cellular phenomena related to morphological and functional changes occurring during cell differentiation, the IPA algorithm further highlighted DEGs associated with cell proliferation, death and survival. The annotation proliferation of tumour cells lines was found to be significantly inhibited in RA-NBM treated cells, predicting a dramatic reduction of the high rate of cell proliferation classically observed in SH-SY5Y cells. Specifically, four down-regulated DEGs (namely, ID1, ID2, ID3 and ID4) encoded for transcription regulators, which were reported to be repressed during the neuronal differentiation of neuroblastoma cells in the presence of RA (Cheung et al. 2009; Lopez-Carballo et al. 2002) . Furthermore, analysis of annotations assigned to cell death and survival gave either negative or positive predictions of cell death, cell survival or cell viability according to different cell types (Online Resource ESM 6D). Our preliminary observations using FACS analysis suggest an increased percentage of viable cells as well as a reduced percentage of dead cells (both early and late apoptotic cells evaluated by AnnexinV/PI assay) in RA-NBM cultures as compared to basal conditions ( Fig. S4 in Online Resource ESM 1). Further investigations addressing the issues of cell proliferation and death are necessary to confirm these preliminary findings.
The canonical pathway analysis (Fig. 2b) revealed also other categories to be significantly overrepresented, including hepatic fibrosis and hepatic stellate cell activation (-log B-H p value = 9.32), human embryonic stem cell pluripotency (-log B-H p value = 4.4) and colorectal cancer metastasis signalling (-log B-H p value = 4.05). Interestingly, several DEGs were shared among categories, including for example 18 DEGs common for axonal guidance signalling and colorectal cancer metastasis signalling, and 16 DEGs shared with human embryonic stem cell pluripotency (Fig. S3 and Supplementary Table in Online Resources ESM 1 and ESM 9, respectively). Among DEGs shared between axonal guidance signalling, colorectal cancer metastasis signalling and human embryonic stem cell pluripotency, 4 members of WNT family were found (WNT5B, WNT9A, WNT10A, WNT11), while 3 members of PDGF and 2 of BMP family were apportioned to axonal guidance signalling and human embryonic stem cell pluripotency. These findings indicate that various cellular cascades crosstalk in SH-SY5Y differentiation, and are possibly related to distinct changes in the proliferation state and differentiation processes of the tumour cell line.
Several signatures identified in our experimental settings were related to various cellular events, including proliferation, self-renewal and commitment to a more mature phenotype, known hallmarks of the dynamics of cellular processes occurring during the differentiation of neuronal progenitor cells (NPCs). Notch signalling related proteins, WNTs, BMPs, frizzled receptors as well as GLI1 and inhibitor of DNA binding/differentiation (ID) proteins are only few examples from numerous group of molecular factors involved in the control of NPCs' fate (Christie et al. 2013) . Members of these gene families were found to be differentially expressed in our RNA-seq analysis ( Fig. S5 and Supplementary Table in Online Resources ESM 1 and ESM 7, respectively). Therefore, our experimental data indicate that SH-SY5Y cells are able to activate, at least in part, the same molecular machinery involved in the physiological neurogenesis, in order to prompt the decision to proliferate or differentiate. On the other hand, the results of top canonical pathways bioinformatic analyses pinpointed to other cellular processes, closely related to the features displayed by tumour cells.
Taken together, our transcriptomic and cellular analyses of SH-SY5Y cells revealed the simultaneous presence of proliferative, differentiating and death-related cellular events in RA-NBM cultures. Both morphological and biochemical data suggest that different subsets of cells are likely present in RA-NBM cultures: (1) differentiated neuronal-like cells, with long primary axons and multiple secondary and tertiary branches, expressing neuronal markers; (2) partially differentiated MAP2C-positive cells and ''stem-like'', nestin-labelled cells, which may still proliferate; (3) undifferentiated, tumour-like cells with predicted decreased proliferation rate. Such asynchronous differentiation has been recently reported in an experimental SH-SY5Y model, focusing on the role of Amyloid b Precursor Protein, AbPP in differentiation process (da Rocha et al. 2015) .
The transcriptomic analysis performed in this study identified about 2000 DEGs associated with the differentiation of SH-SY5Y cells grown in a specifically enriched medium. Most DEGs were linked to functional annotations/modules and cellular pathways related to neuronal differentiation, and some gene families were recognized to be involved in this process for the first time (i.e., SLITRK and semaphorins). Furthermore, relatively low numbers of DEG were linked to other specific neuronal functions, such as neurotransmission and synaptic transmission (199 out of 1989 DEGs of the whole dataset; see Supplementary  Table 5 in ESM 5). Related to this annotation, no clear trends of expression of checked DEGs and related annotations were noticed. The precise biological significance of most data remains unknown and requires more careful investigations. This is of particular relevance considering that differentiated SH-SY5Y cells are used as in vitro model to study cellular mechanisms involved in several human neurodegenerative disorders. Exposure to differentiation media may unsettle different cellular behaviours (such as the response to oxidative stress) and, therefore, the cell properties to cope with the selected stimuli, even affecting their survival capacities and/or vulnerability to cell death (Forster et al. 2016; Palomo et al. 2011; Schneider et al. 2011) .
